The cell density dependence of stationary-phase survival of Rhizobium leguminosarum has been investigated. Following starvation by exhaustion of carbon or nitrogen, but not of phosphorus, the survival of cultures was dependent on the cell density at entry into stationary phase. High-density cultures survived with little or no loss of viability over a 20-day period in stationary phase. In contrast, low-density cultures lost viability rapidly but consisted of a heterogeneous population, a small fraction of which successfully adapted and eventually formed a stable, surviving population. The threshold density above which the cultures survived successfully in stationary phase was dependent on the growth conditions and the strain used. We took advantage of the fact that R. leguminosarum survives poorly following starvation by resuspension in carbon-free medium to demonstrate that cell density-dependent survival was mediated by a component accumulating in the growth medium. The effects of this medium component on survival in resuspension assays could be mimicked by an N-acyl homoserine lactone, N-(3R-hydroxy-7-cis-tetradecanoyl)-L-homoserine lactone, previously demonstrated to have a role in controlling cell density-dependent phenomena in R. leguminosarum. The Sym plasmids pRP2JI and pRL1JI were found to be essential for the production of the extracellular factor, which could also be made in Escherichia coli carrying the cosmid clone pIJ1086 containing a specific region of pRL1JI.
Nutrient starvation is a condition in which bacteria in many environments, including soil, regularly find themselves (9, 20, 31, 37) . However, little is known about the physiological processes involved in the starvation survival of soil bacteria. We are investigating the starvation survival response of Rhizobium leguminosarum. We have previously reported on the changes in the physiology and metabolism of R. leguminosarum bv. phaseoli in response to nutrient starvation (36) . In contrast to the starvation survival kinetics of enteric bacteria, no reduction in the viability of R. leguminosarum cultures was observed during more than 2 months in carbon-starved stationary phase (36) . A further distinguishing feature is the poor survival of R. leguminosarum following nutrient starvation by resuspension in minimal medium without carbon, indicating that this bacterium cannot respond to such a rapid deprivation of nutrients (36) .
It has been known for over 30 years that a population effect is observed when a culture of bacteria is starved (16, 28, 29) . In those early studies the specific death rates of high-density bacterial populations were lower than those of low-density populations. It is also well established that Myxococcus xanthus and Bacillus subtilis show developmental responses to nutrient deprivation, i.e., sporulation and fruiting body formation, respectively, that are dependent on population cell density (7, 13, 18, 19) . The effect of cell density on survival has not been thoroughly addressed in recent studies of the starvation survival of bacteria (9, 11, 21, 26, 27) .
In this study we demonstrate the cell density-dependent stationary-phase survival of R. leguminosarum following starvation by nutrient exhaustion of carbon or nitrogen. We show that this response is controlled by the accumulation of an extracellular factor(s) in the growth medium and that the effect is mimicked by the N-acyl homoserine lactone (AHL) N-(3R-hydroxy-7-cis-tetradecanoyl)-L-homoserine lactone (7cisHtDHL).
MATERIALS AND METHODS
Strains and plasmids. R. leguminosarum bv. phaseoli 4292 is a rifampinresistant strain that carries the pRP2JI Sym plasmid and nodulates beans (23) . This strain was used in our earlier study of starvation survival of R. leguminosarum (36) . R. leguminosarum 8401 is a derivative of a biovar phaseoli isolate (strain 8002), and it is streptomycin resistant and has been cured of the Sym plasmid pRP2JI. R. leguminosarum 8401/pRL1JI carries the biovar viciae Sym plasmid. The four pLAFR1-derived cosmids pIJ1527, pIJ1529, pIJ1085, and pIJ1086 contain DNA cloned from the R. leguminosarum Sym plasmid pRL1JI. pIJ1085 and pIJ1086 are two overlapping cosmids carrying about 60 kb of DNA from the nif and nod gene-carrying regions of pRL1JI (8) . pIJ1527 and pIJ1529 are poorly characterized, overlapping cosmids carrying about 45 kb of DNA from a different region of pRL1JI, which does not overlap with pIJ1085 and pIJ1086 (7a) . Together the four cosmids carry DNA covering about half of the Sym plasmid pRL1JI.
Growth and starvation of bacteria. Strains were grown and starved for carbon (mannitol), nitrogen (NH 4 Cl), and phosphorus (K 2 HPO 4 and KH 2 PO 4 ) in MOPS (morpholinepropanesulfonic acid) minimal medium as described previously (36) . For routine culture maintenance, growth of starter cultures, and plating for viable-cell counting, rifampin was added at 25 g ml
Ϫ1
. YEM medium was also used at pH 7.5 (38) and consisted of (per liter) yeast extract (0.4 g) (Oxoid), K 2 HPO 4 (0.5 g), NaCl (0.1 g), MgSO 4 ⅐ 7H 2 O (0.2 g), and mannitol (10 g ).
Starter cultures were prepared by inoculating a single colony from a plate stock into 5 ml of medium and incubating overnight at 30°C in a shaking incubator (200 rpm). A 0.5-ml portion of this exponentially growing culture was then subcultured into a second 5 ml of medium and again incubated overnight to ensure that cells were fully adapted to exponential growth. About 5 ml of this starter culture was then inoculated into 50 ml of medium in a 250-ml conical flask to give an initial optical density at 600 nm of 0.02. This method of inoculation was used throughout this study unless otherwise stated. Growth was measured spectrophotometrically as optical density at 600 nm (with 1-cm-path-length cuvettes in a Shimadzu MPS2000 spectrophotometer) and by viable-cell counting, following plating onto solid minimal medium after appropriate dilution in minimal medium. It was found that although all of the strains had similar growth kinetics in the liquid MOPS minimal medium (36) , 8401/pRL1JI and 8401 did not grow well on MOPS minimal medium agar. Therefore, the viability of these strains was determined by diluting the samples in TY medium and plating on TY agar. TY medium consisted of (per liter) Bacto tryptone (5 g), yeast extract (3 g), and CaCl 2 ⅐ 6H 2 O (1.3 g). Cells were osmotically stressed by adding NaCl to a final concentration of 2.5 M as described previously (36) . Escherichia coli 803 strains were also grown in MOPS minimal medium at 30°C.
Determination of affects of spent culture medium. (i) Preparation of aseptic samples of spent culture medium. To obtain spent medium, cells were removed from a carbon-starved culture by centrifugation at 4,000 ϫ g for 45 min. The supernatant fraction was then collected and sterilized by filtration through 0.2-m-pore-size cellulose acetate filters. The aseptic spent medium was then used to resuspend cells collected by centrifugation (see below). Spent medium was usually prepared from 6-day-old, high-density (1.5 ϫ 10 9 CFU ml Ϫ1 ), carbonstarved stationary-phase cultures and is referred to as high-density spent medium (HDSM). For some experiments the spent medium was pretreated before being added to cells. Heat treatment involved 5.0-ml samples of spent medium being placed in tubes in a water bath at 100°C for 15 min. For protease treatment, spent medium was treated with pronase attached to agarose beads (1 U ml Ϫ1 ; Sigma P4531) for 60 min at 30°C. The beads were then removed by filtering the sample through a 25-mm glass fiber filter (pore size, 1 m). To approximately determine the size of the spent-medium component, samples of stationary-phase spent medium from carbon-starved R. leguminosarum cultures were ultrafiltrated in a stirred cell by using an Amicon YM3 ultraflow membrane with a molecular mass cutoff of 3 kDa.
(ii) Collection and resuspension of cells. Fifty-milliliter cultures of R. leguminosarum were harvested by centrifugation at 4,000 ϫ g for 20 min. The supernatant fraction was then removed, and the cells were washed twice by resuspending them in 50 ml of fresh MOPS minimal medium with no carbon source (MM-C). This was done in order to make sure that any residual carbon source or molecules secreted into the medium by the cells were completely washed from the cells. The bacteria were then pelleted by centrifugation one final time, and the pellet was resuspended by vortexing in 5.0 ml of MM-C. A 0.5-ml portion of the resuspended cells was then added to 5.0 ml of MM-C or spent culture medium. Cultures were then kept at 30°C in a shaking incubator (200 rpm), and survival was monitored for several days by viable-cell counting.
Use of R. leguminosarum autoinducer. A synthetic preparation of the R. leguminosarum autoinducer 7cisHtDHL, containing a mixture of L and D stereoisomers that differ in the orientation of the 3-hydroxy group, was kindly provided by Kendall Gray (12, 34) . For use in bioassays, a sample of the autoinducer (in ethyl acetate) was added to an empty culture vessel and dried down in a stream of sterile air. The assay culture was then added to the vessel to resuspend the autoinducer.
RESULTS
Effects of culture cell density on stationary-phase survival of R. leguminosarum. By varying the mannitol concentration in MOPS minimal medium, R. leguminosarum bv. phaseoli cultures were grown and allowed to enter stationary phase at cell densities ranging from ϳ1.3 ϫ 10 9 to 1 ϫ 10 8 CFU ml Ϫ1 . It was found that the survival of cultures in the 10 to 14 days following entry into carbon-starved stationary phase was dependent on the cell density at the time of entry (Fig. 1A) . Cultures entering stationary phase at a density of ϳ1.3 ϫ 10 9 CFU ml Ϫ1 had 108% viability after 14 days of stationary phase, whereas cultures that had entered stationary phase at ϳ1 ϫ 10 8 CFU ml
Ϫ1
retained only 15% viability after the same time period. Cultures with intermediate cell densities at entry into stationary phase showed intermediate survival (Fig. 1A) . This experiment was repeated with YEM medium, in which mannitol was the major but not the sole carbon source. Changing the concentration of mannitol in YEM allowed the cell density at which cultures entered stationary phase to be altered. It was found that stationary-phase survival in YEM was dependent on the culture density (Fig. 1B) . The survival of nitrogen-starved stationary-phase cultures was also dependent on the culture cell density, with a higher cell density at the entry into stationary phase resulting in better survival (Fig. 1C) . However, cell density-dependent survival was not seen in phosphorus-starved cultures; phosphorus-starved cultures entering stationary phase at densities of between 7 ϫ 10 7 and 8 ϫ 10 5 CFU ml Ϫ1 all survived well during the first 14 days of stationary phase (Fig. 1D) .
A heterogeneous population enters stationary phase in lowdensity cultures. An experiment similar to that of Fig. 1A was set up, but stationary-phase survival was monitored for a much longer time period. As expected, the high-density cultures survived long-term starvation with little loss of viability ( Fig. 2 ) (36). In the low-density culture, there was an initial loss of viability over the first 16 days in stationary phase (up to 20 days after inoculation), and then the proportion of viable cells stabilized at about 20% of the starting population. There was no further loss of viability for 15 days (Fig. 2 ). However, this was followed by a further reduction of viability from day 35 onwards that continued until the end of the experiment at day 60. The survival kinetics of low-density cultures suggests that a heterogeneous population enters stationary phase or is present immediately after entry, comprising a fraction (ϳ20%) that goes on to survive long-term stationary phase and those cells that will die during the first 15 days (Fig. 2) . We investigated whether the population was also heterogeneous with respect to another property of stationary-phase-adapted cells, resistance to osmotic stress (36) . The osmotic stress resistance of highand low-density cultures at 5 and 25 days into stationary phase was determined (Fig. 3) . The high-cell-density, 5-day stationary-phase culture was resistant to challenge by 2.5 M NaCl, while the equivalent low-density culture was clearly sensitive (Fig. 3A) . At 150 min after the exposure to osmotic stress, the viability of the low-density culture had been reduced by 70%, but the surviving 30% of the population was resistant to 2.5 M NaCl and there was no further reduction in viability during the remaining 250 min of the experiment (Fig. 3A) . These data are consistent with the idea that there is a fraction of the population that has failed to successfully adapt to stationary-phase survival and consequently retains physiological traits of exponentially growing cultures. In support of this idea, the decimal reduction times (D values) (1) for osmotically stressed, exponential-phase cultures (calculated from the data in Fig. 7 of reference 36) and for the osmotically sensitive fraction of the population in low-density cultures (Fig. 3A) were similar, being approximately 150 and 200 min, respectively. Twenty-fiveday-old high-and low-density stationary-phase cultures were equally resistant to osmotic stress (Fig. 3B ), confirming that 25 days into stationary phase, the surviving bacteria in the lowdensity culture are fully adapted for stationary-phase survival. It seems likely, but is not proven, that this surviving population . Growth was monitored by viable-cell counting. Arrows 1 and 2 correspond to the times that samples were taken for osmotic stress tests (see Fig. 3 ). Error bars represent standard deviations. , entering stationary phase at 2.6 ϫ 10 8 CFU ml
. Cultures were osmotically stressed by the addition of sterile NaCl to a final concentration of 2.5 M. The stress was applied to cultures 10 days after inoculation, when they had been in stationary phase for 5 days (arrow 1 in Fig. 2 ) (A), or 30 days after inoculation, when they had been in stationary phase for 25 days (arrow 2 in Fig. 2) (B) . Survival after the osmotic stress was monitored by viable-cell counting. Error bars represent standard deviations.
is the fraction of the low-density culture that was resistant to osmotic stress after 5 days into stationary phase.
High-density stationary-phase cultures contain an extracellular component that promotes adaptation to starvation survival. We investigated whether an extracellular compound(s) accumulates that is able to promote the adaptation to stationary-phase survival. We took advantage of the fact that R. leguminosarum survives poorly following carbon starvation by resuspension in MM-C (36). The effect of filter-sterilized, spent culture medium from a high-density culture on the survival of a low-density culture was investigated. A low-density culture, entering stationary phase at 10 8 CFU ml Ϫ1 , was harvested and resuspended in MM-C containing spent medium from a highdensity stationary-phase culture, and the viability was monitored. The data in Fig. 4 clearly show that the HDSM promotes survival of the low-density culture. At 96 h after resuspension, 98% of the cells resuspended in HDSM were viable, with only 21% of those resuspended in MM-C retaining viability. HDSM could also promote survival or adaptation of exponentially growing cells to stationary phase (data not shown). This indicates that the action of the HDSM component is not limited to cells in the transition phase between exponential and stationary phases. Preliminary characterization indicated that the active component(s) of HDSM was small (Ͻ3 kDa), stable, and heat resistant (surviving 100°C for 15 min), and it was protease resistant, suggesting that it was not a protein (data not shown).
The accumulation of an extracellular component may trigger the adaptation to stationary-phase survival in high-density cultures, with the failure of low-density cultures to adapt being a consequence of the compound(s) not reaching a threshold level. This was demonstrated by growing a culture to carbonstarved stationary phase while taking samples of spent medium, at cell densities above and below the threshold necessary for successful stationary-phase survival, and testing their ability to promote survival in resuspension assays (Fig. 5) . The spent medium from an exponentially growing culture that had reached a density of 5 ϫ 10 7 CFU ml Ϫ1 (Fig. 5A ) was unable to promote survival of low-density cultures following resuspension (Fig. 5B) . In contrast, spent medium from an exponentialphase culture at approximately 2 ϫ 10 9 CFU ml Ϫ1 (Fig. 5A ), was able to promote starvation survival following resuspension (Fig. 5B) . Interestingly, spent medium from high-density cultures at ϳ32 days into stationary phase was also able to promote starvation survival in resuspension assays, indicating that the spent-medium component is still present and active during long-term stationary phase (Fig. 5B) . Therefore, a molecule(s) secreted into the medium has a role in the adaptation of R. leguminosarum cultures to stationary phase.
An AHL promotes cell density-dependent survival. The AHL 7cisHtDHL has been shown to induce a cell density-dependent response in R. leguminosarum (12, 34) . It activates the RhiR protein to induce expression of the rhiABC operon and to inhibit growth (12) . We tested whether 7cisHtDHL could also protect low-density cultures during starvation survival. Cells from a low-density, late-exponential-phase culture were resuspended in MM-C with 7cisHtDHL added, and survival was monitored. Ninety-six percent of the cells remained viable 4 days after resuspension in the 7cisHtDHL-containing medium, compared to 98% of cells resuspended in HDSM and only 21% of the cells in MM-C (Fig. 4) . 7cisHtDHL is clearly able to promote the survival of low-density cultures. As 7cisHtDHL has been demonstrated to be present in spent culture medium of R. leguminosarum 4292, it is possible that the HDSM component promoting stationary-phase survival is an AHL similar to or the same as 7cisHtDHL, although this is not directly demonstrated by the present data. The 7cisHtDHL used was a racemic mixture of L and D stereoisomers that differ in the orientation of the 3-hydroxy group, although the biological importance of chirality at the hydroxylated C-3 position has yet to be established (12, 34) . The experiment was repeated with various concentrations of 7cisHtDHL in order to find the threshold value at which it is effective at promoting survival. A   FIG. 4 . Effect of HDSM and an AHL on stationary-phase survival of R. leguminosarum bv. phaseoli 4292. Late-exponential-phase, low-density cultures (density, ϳ1 ϫ 10 8 CFU ml
) were harvested and resuspended to the same density in spent medium from high density cultures (density, ϳ1.5 ϫ 10 9 CFU ml ) were harvested and resuspended to 5 ϫ 10 7 CFU ml Ϫ1 in either HDSM from the indicated strain, MM-C, or MM-C containing 200 ng of 7cisHtDHL ml
, and survival was monitored by viable-cell counting. b Percentage of the original population that was viable 4 days after resuspension.
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concentration of 200 ng of 7cisHtDHL ml Ϫ1 conferred full protection on low-density cultures in stationary phase (Fig. 6 ) while less than 100 ng ml Ϫ1 caused only a small difference in starvation survival. These data support the idea that a quorumsensing effect, involving AHLs, is functioning to improve the stationary-phase survival of R. leguminosarum. It seems reasonable to conclude that AHLs have a role in the survival of high-density cultures and that the absence of a quorum leads to loss of viability in low-density cultures.
Role of the Sym plasmids pRL1JI and pRP2JI in cell density-dependent survival. The R. leguminosarum 4292 strain used so far in this study contains the biovar phaseoli Sym plasmid pRP2JI. In order to investigate the role of Sym plasmids in cell density-dependent starvation survival, the related strains R. leguminosarum 8401 (no Sym plasmid) and R. leguminosarum 8401/pRL1JI (strain 8401 with the biovar viciae Sym plasmid pRL1JI) were also used. Growth of 8401/pRL1JI to stationary phase in carbon-limited minimal medium indicated that changing the Sym plasmid from pRP2JI to pRL1JI had no effect on the cell density-dependent stationary-phase survival (Fig. 7) . R. leguminosarum 8401/pRL1JI grown to high density survived subsequent starvation well, while cultures grown to low density showed a loss of viability in stationary phase similar to that of R. leguminosarum 4292/pRP2JI ( Fig. 1  and 7) . R. leguminosarum 8401 cultures (no Sym plasmid) showed a loss and subsequent stabilization of viability similar to those of the strains with a Sym plasmid. Also, the R. leguminosarum 8401 cultures grown to high-cell-density stationary phase did not show a significant difference in survival compared to strains with a Sym plasmid.
The Sym plasmids pRL1JI and pRP2JI play an essential role in the production of the extracellular stationary-phase survival factor. We examined whether Sym plasmids have a role in the production of or response to the spent-medium component. Cells from low-density, late-exponential-phase cultures were resuspended in HDSM, MM-C, or MM-C containing 200 ng of 7cisHtDHL per ml. Both cells and HDSM from three strains of R. leguminosarum (4292/pRP2JI, 8401/ pRL1JI, and 8401) were used, and the results are summarized in Table 1 . As expected, none of the strains could survive well in MM-C. Also, as shown in Fig. 4 , R. leguminosarum 4292/ pRP2JI cells could survive in MM-C if 7cisHtDHL was added. However, neither R. leguminosarum 8401/pRL1JI nor R. leguminosarum 8401 showed significantly increased survival in the presence of 7cisHtDHL. This leads to two important conclusions. First, the ability of R. leguminosarum 4292 to respond to 7cisHtDHL is encoded on the Sym plasmid pRP2JI, as strain 8401 is cured of this plasmid and can no longer respond to 7cisHtDHL. Second, the fact that 7cisHtDHL does not support survival of R. leguminosarum 8401/pRL1JI suggests that its cell density-dependent starvation survival must be mediated by a second spent-medium component. Consistent with this conclu- , were resuspended to ϳ10 8 CFU ml
Ϫ1
in MM-C (‚) or in spent-medium samples taken at the different time points as described for panel A, and the viability was monitored. Spent medium was from 24 h (F), 96 h (s), and 30 days (}) after inoculation. Error bars represent standard deviations.
sion, we found that when cells from each of the three strains were resuspended in HDSM from strain 8401, which contains no Sym plasmid but is known to produce 7cisHtDHL (12, 34) , only strain 4292/pRP2JI showed improved survival (Table 1) . However, the cell density-dependent survival of R. leguminosarum 8401/pRL1JI does require a spent-medium component. Although this strain is unable to produce 7cisHtDHL (12) , it can produce a spent-medium component, which we refer to as SMC8401, capable of promoting starvation survival of itself and of R. leguminosarum 4292/pRP2JI. The strain with pRP2JI could respond to both 7cisHtDHL and SMC8401. Additionally, HDSM from R. leguminosarum 4292/pRP2JI promotes survival of R. leguminosarum 4292/pRP2JI and 8401/pRL1JI, but not 8401. This implies that 4292/pRP2JI produces a molecule (which we call SMC4292) that is able to promote survival of strain 8401/pRL1JI and that is chemically distinct from 7cisHtDHL. Whether SMC8401 and SMC4292 are chemically identical remains to be established, but it is clear from a recent study that Rhizobium strains can produce a significant number of different AHLs (30) . Which region of the Sym plasmid is essential for the production of the spent-medium component? To locate which region of the Sym plasmid pRL1JI is required for production of AHL8401, we used four cosmid clones in E. coli, each containing a different region of pRL1JI (see Materials and Methods). HDSM was obtained from cultures of E. coli carrying one of each of these clones, and its effect was compared to those of HDSM from R. leguminosarum 4292/pRP2JI and of MM-C. HDSM from E. coli strains carrying pIJ1085, pIJ1527, and pIJ1529 proved unable to support starvation survival of R. leguminosarum 4292/pRP2JI cultures (Fig. 8) . In contrast, 81% of the cells resuspended in spent medium from E. coli/pIJ1086 were still viable 4 days after resuspension (Fig. 8) . This finding indicates that the pRL1JI-derived DNA in cosmid pIJ1086 contains genes that have a role in the production of the starvation survival factor produced by pRL1JI. Interestingly, pIJ1086 contains the rhiABCR genes. RhiR activates the rhiABC genes in the presence of 7cisHtDHL (3, 8) .
DISCUSSION
In this paper we have demonstrated the cell density-dependent starvation survival of R. leguminosarum. This phenomenon was found to occur in both carbon-and nitrogen-starved cultures but not phosphorus-starved cultures. It is possible that the accumulation of large amounts of phosphorus storage compounds, such as polyphosphates, during exponential growth (4, 5) allows the cells to survive phosphorus starvation more effectively and disguises any cell density effects.
Quantification of an absolute threshold cell density, above which cells are able to survive in stationary phase, was not possible, as the density threshold was dependent on both the growth conditions (Fig. 1) and the strains starved (compare survival of strains 4292 and 8401/pRL1JI in Fig. 1A and 7 , respectively). R. leguminosarum 4292/pRP2JI cultures survived carbon starvation when they entered stationary phase at densities greater than 1.5 ϫ 10 9 CFU ml Ϫ1 . However, in YEM medium, cultures needed to enter stationary phase at densities at or above 10 10 CFU ml Ϫ1 to survive subsequent starvation. YEM cultures have a significantly higher growth rate than minimal medium cultures, and the growth rate prior to starvation will affect the physiology of the cell in numerous ways: the numbers of ribosomes, DNA and protein levels, and number of active replication forks are all altered (2, 15) . Consequently, the growth rate may affect the adaptation to starvation survival and the long-term survival outcome. A link between growth rate and starvation survival is suggested by the finding that bacterial populations grown for many generations in chemostat culture are taken over by mutants which have faster doubling times but which are less able to survive starvation (22) .
When fully adapted to stationary-phase survival, R. leguminosarum is cross-protected against several environmental stresses (36). However, the osmotic stress resistance of stationary-phase cultures (Fig. 3) indicated that at 5 days into stationary phase, only a small proportion of cells in low-density cultures was protected against osmotic stress and consequently fully adapted to survival. Therefore, it is likely that at the onset of starvation, low-density cultures consist of a heterogeneous population. Approximately 20% of the cells either are able to successfully adapt themselves to stationary phase or possess the ability to subsequently adapt by utilizing metabolites leaked into the growth medium by dying cells. The reason for the further loss of viability of low-density cultures after 30 days in stationary phase (Fig. 2) is unclear.
We clearly demonstrate that an extracellular compound that is able to promote stationary-phase survival accumulates in high-density cultures. Resuspension assays in the presence of spent medium from high-density cultures (HDSM) demonstrated that the compound active in promoting survival accumulates to effective concentrations at high but not low cell densities. Evidence is provided for the role of AHLs in promoting the starvation survival of R. leguminosarum. 7cisHtDHL, a previ- ously identified autoinducer from R. leguminosarum (12, 34) , promotes survival of R. leguminosarum 4292/pRP2JI in resuspension assays (Fig. 4 and 6 ). The ability of strain 4292/pRP2JI to respond to the starvation survival-promoting function of 7cisHtDHL is encoded by pRP2JI, since strain 8401, which is cured of this plasmid, was unable to respond to 7cisHtDHL. R. leguminosarum 8401 can produce 7cisHtDHL but does not respond to it, while R. leguminosarum 8401/pRL1JI does not produce 7cisHtDHL (12) . Consistent with this idea is that following resuspension of the three strains in HDSM from strain 8401, only strain 4292/pRP2JI showed improved starvation survival (Table 1) . 7cisHtDHL promotes transcription of an rhiA-lacZ gene fusion and growth inhibition as long as the RhiR protein, encoded by the Sym plasmid pRL1JI but not by pRP2JI, is present (6, 12) . Therefore, the 7cisHtDHL-promoted starvation survival of strain 4292/pRP2JI cannot involve the transcriptional regulator RhiR but must require an unidentified regulator encoded by pRP2JI. This suggests that the cell density-dependent starvation survival response and the cell density-dependent induction of the rhiABC operon in R. leguminosarum, although both mediated by 7cisHtDHL, represent separate regulatory pathways. Also, the amount of 7cisHtDHL required to promote starvation survival (Fig. 6 ) was substantially higher (ϳ200 ng ml Ϫ1 ) than that required to induce rhiA-lacZ fusions (ϳ10 ng ml Ϫ1 [12] ). Gray et al. (12) showed that 7cisHtDHL added to exponentially growing cultures of R. leguminosarum 8401/pRL1JI caused cessation of growth. However, we did not find 7cisHtDHL to be able to promote starvation survival of 8401/pRL1JI in our experiments, perhaps suggesting that we are not observing the same phenomenon as Gray et al. (12) .
Previous studies have shown that 7cisHtDHL is produced by strains of R. leguminosarum bv. phaseoli (12, 39) . It seems possible, although it is not proven, that 7cisHtDHL is the compound that accumulates in high-density R. leguminosarum 4292/pRP2JI cultures and promotes adaptation to and survival in subsequent carbon-starved stationary phase (Fig. 1) . However, our data (Table 1) indicate that R. leguminosarum 4292/ pRP2JI produces another survival-promoting compound in addition to 7cisHtDHL and that strain 8401/pRL1JI produces a compound distinct from 7cisHtDHL. It is clear from recent work that some Rhizobium species produce a large number of AHLs (30) .
The widespread role of cell density-mediated control of bacterial physiology (quorum sensing) is now recognized (10, 32) . How widespread is AHL-mediated cell density-dependent stationary-phase survival? In E. coli and other gram negative bacteria, the development of stationary-phase properties and subsequent stationary-phase survival is coordinately regulated by the action of the stationary-phase sigma factor RpoS (reference 40 and references therein). The cellular level of RpoS increases significantly upon entry into stationary phase, and it is controlled at the level of protein stability (40) . Huisman and Kolter (17) proposed a mechanism by which E. coli cells sense starvation via a homoserine lactone (HSL)-dependent signalling pathway which leads directly to increased cellular levels of RpoS. They demonstrated that HSL, or a metabolite derived from it, induced rpoS expression and increased cellular levels of RpoS. They postulated that HSL constitutes an intracellular signal that accumulates in starved cells regardless of cell density and that at high cell densities this signal molecule can be acylated to allow diffusion across membranes, forming an extracellular, cell density-dependent signal. However, in recent studies AHL synthesis from intracellular homoserine lactone pools has been demonstrated not to be valid in studies in which LuxI-type AHL synthases have been expressed in E. coli. Rather AHL are synthesized from S-adenosylmethionine and acyl carrier protein conjugates (14, 25, 33) . No further direct support for these ideas has been forthcoming from experi- , entering stationary phase at 1 ϫ 10 7 CFU ml Ϫ1 ) cell density. Growth was monitored by viable-cell counting, and data are the mean values from four experiments, with error bars representing standard deviations.
ments on E. coli. However, recent work with Pseudomonas aeruginosa has shown that the expression of rpoS is abolished in P. aeruginosa lasR mutants, which are unable to respond to either of the two AHLs [N-(3-oxododecanoyl)-L-homoserine lactone and N-butyryl homoserine lactone] produced by this bacterium (24) . This provided direct evidence linking cell density-dependent signalling systems with the regulation of the stationary-phase sigma factor RpoS. Further experiments showed that the regulator RhlR, when activated by N-butyryl homoserine lactone, functions as a transcriptional activator of RpoS (24) . The full significance of these findings for the stationary-phase or starvation survival of P. aeruginosa is not clear. At present it is not known whether an RpoS homologue is involved in stationary-phase survival of R. leguminosarum. Recently it has been shown that an extracellular signal molecule(s) is involved in the carbon starvation response of Vibrio sp. strain S14 (35) . When an extract of stationary-phase medium was added to exponential-phase Vibrio sp. strain S14, it resulted in the up-regulation of carbon starvation-induced proteins, a process that was inhibited by halogenated furanones, compounds that are putative antagonists of AHLs (35) .
